INTRODUCTION
UE to the nature of marine waves, the take-off device for WECs usually operates between 0 and 2 m/s. Currently, some of the deployed WECs are designed to work with fast-speed rotational generators. In such systems, the relatively low-speed linear translation of the take-off device has to be converted to a high-speed rotational motion via an interface system. By integrating such system, the overall complexity of the WEC is increasing, whereas the efficiency and the robustness are reduced. A possible solution for overcoming such problems is Separated Magnet Yoke for Permanent
Magnet Linear Generator for Marine
Wave Energy Converters D a wave energy converter with a direct drive linear generator [1] [2] [3] [4] . The linear generators are proposed for WECs to simplify the overall structure. The main problems with the linear generators are the high magnetic forces appearing between stator and translator during normal operation. These forces could reduce the lifetime of the bearings and therefore, increase the maintenance costs of the WEC. Hence, reduction of the magnetic forces in the linear generator may have significant effect on the maintenance cost.
Direct drive PMLGs have been proposed for WECs and several design solutions have been outlined in [4] [5] [6] [7] [8] [9] [10] [11] [12] . In [4] flat air-cored design has been suggested. The design has the advantage of eliminating the cogging force due to absence of stainless steel in the stator however, in order to generate sufficient magnetic field in the large air gap, an extra Permanent Magnets (PMs) are needed which on the other hand could increase the price of the machine.
A switched reluctance PMLG has been presented in [9] . The machine has iron-cored magnetic yokes and therefore, low magnetic reluctance path is provided however, high level of latching (cogging) forces can be expected due to the alignment of the stator and the translator. Another PMLG with excitation provided by a super conducting DC coil has been proposed in [13] . This kind of generator generally advantages from the possibility of control excitation applied on the excitation winding. On the other hand, heavy saturation in the magnetic core has been reported. Furthermore, observations on the cogging forces [14, 15] and the generated voltage harmonics [16] have also been performed on similar structure as structure presented in this paper.
Additionally, constant speeds or speeds having sinusoidal shapes are common approximations for simulating PMLGs [14, [16] [17] [18] [19] .
In this paper, a design for a flat longitudinal PMLG for marine wave energy is analysed. The influence of parameters, such as: the number of slots per pole, phase q, and the number of stator's winding sections are analysed with respect to the cogging forces and the output power of the PMLG. Based on the obtain results, an optimal model is proposed. The aims of the optimization are reduction of the magnetic attraction forces between stator and translator and also increase of the electrical power output of the PMLG. By reducing the magnetic attraction force, the maintenance cost of the WEC can be reduced. Likewise, increasing the power output of the generator will reduce the pay-back time of the WEC.
FEM is used as a simulation tool because of its high accuracy. Moreover, the simulations are performed using three-dimensional FEM with a time-varying electromagnetic field taking into consideration the non-linearity of the magnetic cores and the longitudinal ends of the machine.
Furthermore, in the simulations full size generator models taking into account the magnetic flux distribution in the air gap and the regions at the longitudinal ends are simulated.
Additionally, in order to simulate real sea conditions, an experimentally recorded vertical wave displacement is applied to the generator's translator for a period of 20 seconds.
The paper is organized as follows: after the introduction, a description of WEC is outlined.
Then a theoretical explanation of the nodal force method used in the FEM is given. After that, a description of the investigated PMLG is given. In the next section, the results from the investigation are displayed and an optimal model is designed, before conclusions are presented.
WAVE ENERGY CONVERTER AND FORCES CALCULATIONS
Wave Energy Converter is a general title for devices that convert the kinetic energy of marine waves to electricity. The investigated PMLG in this paper is designed to be driven by a floater on the water surface, or installed in an Archimedes wave swing [20] .
Generally, two types of construction employing either a non-flexible shaft [21] or a rope [22, 23] have been proposed for WECs having direct drive electrical generators. The design using a non-flexible shaft is simpler, but it has only one degree of freedom and the energy absorption is limited up to 50% [24] . Furthermore, the forces normal to the motion axis are likely to be higher when using the non-flexible shaft design due to the restriction of the motion of the translator.
Conversely, an advantage of the design using a rope is that the flexibility of the rope provides additional degrees of freedom and hence, the energy absorption can be increased. Another difference in design is given by the springs, which have to be installed in order to pull the translator back to its lowest point.
Owing to the direct coupling of the take-off device and the generator, the generated voltage and the electrical frequency are in direct ratio with the translator's speed [25] . As a result, big fluctuations in the output voltage and the electrical frequency are observed during normal operation of the PMLG. In order to stabilize the fluctuation, a power-electronics converter and energy storage can be installed between the generator and the grid [26] .
The calculation of the cogging forces is interesting from many perspectives. It is an important parameter for studying: the generator bearing system, the mechanical stress, and fatigue in the supporting structure. Additionally, the cogging forces are source of sound emission.
In this paper, the forces are calculated by FEA using 3D models with high mesh resolution. To increase the result accuracy the resolutions of the models have been set to around 1 million mesh nodes. The FEA software uses the nodal force method [27] as a tool for magnetic forces calculation. The nodal force method is derived from the Maxwell stress tensor and the method is proven to be as accurate as the virtual work method [27, 28] .The surface forces and the magnetic volume can be derived from the Maxwell stress tensor as follows:
is the outward unit normal vector in region one and Maxwell stress tensor -is given as:
is the Kronecker`s delta -is the magnetic co-energy density of the element:
. .
For virtual displacement the virtual work done by magnetic volume and surface force is:
The displacement is interpolated via the nodal shape function:
is the nodal shape function of the node. Using (5) and (6) the virtual work can be also expressed as:
So the force acting on the node is given as:
Using summation for all the nodes in the part, the total force can be written as:
DESCRIPTION OF THE PMLG AND THE SIMULATIONS
In this paper, it is assumed that the generator's translator is assembled from the permanent magnets and the separators. Likewise, the stator is assembled from two aligned magnetic cores on both sides of the translator with copper coils placed in slots ( Figure 1 ).
It is assumed that the PMLG's stator is assembled from the permanent magnets, the separators, and the upper magnetic core. The separators are made from non-magnetic and nonelectrical conducting material and they are required in order to maintain the position of the permanent magnets against axial displacement. In addition, the PMLG's translator is assembled from the lower magnetic core and the windings.
The magnetic cores of the machine are formed by laminated silicon steel with a 95% stacking factor and they are treated as magnetically nonlinear material with single value magnetisation characteristics.
The translator teeth are finished with shoes to optimise the flux distribution. Generally, the implementation of shoes decreases both the power ripple and the magnetic reluctance of the air gap. In addition, reduction of the cogging forces in linear machines can be also achieved [16] .
The windings' excitation flux is provided by Neodymium-Iron-Boron magnets with magnetisation direction parallel to the Y-axis. Furthermore, in order to increase the accuracy of the simulation results, the PMLG has full translator models and therefore, the influence of the longitudinal ends can be taken into account. Moreover, a repetitive boundary condition is applied to the translator, which is a common approach for linear generator simulations [17] .
The main dimensions of the generator are shown in Table 1 . The generator has three-phase windings, where each winding consists of six winding sections connected in series.
Furthermore, each winding section consists of six coils connected in parallel. Each winding is shifted by ±120 degrees from the other two. Additionally, every winding has a total resistance of 0.9 ohm (base model). The single-and the double-sided generator designs are inspired by [29] , although the parameters have been scaled down (where appropriate) to the sizes shown in Table 1 .
Additionally, the motion applied on the translator is an experimentally recorded vertical speed/time sequence of stochastic sea conditions. The sequence was recorded by a wave probe over a period of 20 seconds near the coast of the UK. The main focus of this paper is an optimization of PMLG. So, it is assumed that the translator strictly follows the motion of the water surface.
The number of slots per pole and phase q for the generator is 1.2 (6/5). This means that five poles have the same length as six three-phase translator slots (or eighteen single-phase slots).
For convenience, the value of q = 6/5 can be also presented as 1.2. Thus, one pole covers 1.2 translator slots. By using such a presentation for q, it is possible to analyse values that differ from the standard ones shown in [16] .
ANALITICAL MODEL OF THE PMLG
The magnetic circuit of the double-side PMLG is shown in Figure 2 showing them is to present the magnetic circuit outside the length of the translator.
The magnetic poles located outside of the translator are connected with the final one or two translator teeth. If the permanent magnet (at the longitudinal end) is outside of the translator length, it is considered that the magnet is connected to the final tooth ( ). Alternatively, if the magnet covers the last tooth it is considered that the magnet is connected to the final two translator teeth ( * and ).
The analytical modelling technique does not take into account the effects of the saturation of iron in the magnetic cores of the generator.
The voltages generated in the coils are dependent on the magnetic flux passing the teeth surrounding them (flux over ). The flux path in the translator, contributing to voltage generation (therefore, to energy harvesting) is through reluctances ----
However, when a tooth is located between two poles such as the 4 th , 11 th and 18 th teeth in The total magnetic reluctance of a single-sided PMLG's section with a length of 8 teeth can be presented as:
where is the total magnetic reluctance of the area indicated by shading in Figure 2 .
Furthermore, where is one-half of the reluctance of the translator, it can be calculated as follows: * 6 * * 5 * * 4 * 10 * * 6 * *
where is the number of the reluctances shown on the right-hand side (with code) in Figure 2 and can be presented as:
μ *
where is the length of the air gap between the centre of the permanent magnet and the centre of the shoes and is the length of the coil`s slots in the magnetic core. The permeability's of the air and the magnetic core are given by μ and μ [H/m] respectively and is the area of the pole face.
Using the equivalent reluctance the magnetic circuit can be presented as simple circuit with an MMF source connected to a single magnetic reluctance. Hopkinson's law is a counterpart to
Ohm's law and can be used in magnetic circuits:
where is the total magnetic flux of the magnetic circuit (i.e., the flux passing ).
Similarly, the magnetic flux density in the air gap can be presented as:
.
The analytical calculations are performed using Matlab and the results for the flux density in the air gap show a difference of 5.5% in comparison with the FEA results for a static simulation.
SIMULATED FEA RESULTS

The Effect of Number of Slots per Pole and Phase on the PMLG Performance
The forces affect the bearings and the supporting structure in different ways and therefore, minimising them is important with regard to maintenance costs and the structural integrity of the WEC.
The number of slots per pole and phase represents the distribution of the magnets with respect to the stator slots. It can be calculated by:
-3 is the number of phases,
-is the single phase stator slots pitch,
-is the pole pitch.
In the paper, the value of is changed by varying of the pole pitch at constant stator slot pitch.
In this paper, the magnetic force levels for different values of are presented as single numbers, where the number is evaluated from the simulated force in the time domain. The intention is to present an optimal number for . The method for calculating the single numbers by using the time domain graphs for the cogging forces is explained below:
1. The cogging force data in time domain is converted to absolute values.
2. The value of the peak force and 60% of the peak are established.
3. The upper part of the graph (from 60% to 100%) is analysed.
4. The values from 60% to 100% where the tangent to the graph is parallel to the time axis are obtained (i.e. the force peaks).
Finally, an average of the values obtained and this average number is taken as
representative of the force level in the sample graph.
The main objective of the above technique is to calculate two factors. The first is to show the average amplitude of the peak forces (60% to 100%) and the other is to take into account how often the generator reach forces higher than 60%.. For example, if the majority of the peaks lie between 60% and 70%, a lower average will be established in comparison with the case where the majority of forces lie between 70% and 80%. Therefore, by using this method, not only can the peak force can be taken into account but also, it can be assessed how often that peak force is reached.
The purpose of this approach is to evaluate a single number, which is representative of the peak forces of the entire simulation period in the time domain. The minimum level (in this case 60%) can be altered. The decision that only forces higher than 60% are to be included is made in order to include a greater number of peaks. The high number of peaks is important in reducing the error in the peak forces from the FEA simulations.
In this section, the magnetic forces between the stator and translator are shown in the X-and Y-axes. The forces parallel to the X-axis do not affect the bearings directly due to the free bearing motion on the X-axis but they do cause latching of the translator, unwanted noise and vibrations [3] . The forces parallel to the Y-axis are directly destructive to the bearings and the supporting structure due to the translator's locked freedom on the Y-axis.
To perform the simulations in the Y-axis, 3D models with high mesh resolution are used to increase the accuracy for the force calculation. The results reveal that the highest forces and the highest RMS power output occur when q = 1.
In Figure 4 , a presentation of all the forces as single number is shown. Moreover, in the same figure, the RMS powers for each q are calculated over the complete time series of the translator displacement. The current density for the models with a 50 kW output power (q = 1) is 0.8 A/mm2. It can be seen that the cogging forces follow a very similar pattern to those of the single-sided PMLG. However, their magnitude is approximately twice as great. The reason for this is the double sided structure of the generator doubles the number of teeth attracting the PMs. Moreover, the harvested electrical energy is also higher.
In Table 2 , the Force-to-Power ratio for the X-and Y-axes is presented for all values of q. As the aim of the optimisation is to minimise forces and maximise electrical power, the lowest numbers in Table 2 define the optimal value for q.
The results for the X-axis reveal q = 1.1 as optimal and the results for the Y-axis reveal that q = 0.9 is optimal. This ratio is important because the maximum output power can be determined by knowing the level of the acceptable forces for the bearings (Y-axis) and the level of the acceptable vibrations (X-axis). Therefore, for different bearing systems and different WEC supporting structures the numbers could vary. For the purpose of this optimisation, the optimal number of q is suggested based on the lowest Force-to-Power ratio.
The Effect of Different Numbers of Winding Sections on the PMLG Performance
In this section, translators with different number of winding sections are simulated. Results obtained from models with windings distributed from two to nine sections are shown. As the generators simulated in this section have a different number of winding sections, the total winding resistance differs and it can be calculated by:
where: p is the number of winding sections connected in series.
To perform the simulations in the Y-axis, 3D models with high mesh resolution are used to increase accuracy for the force calculation. The simulation results show that the highest force appears for those generators with the lower number of winding sections. The effect from the misalignment between the stator poles and translator teeth (q =1.2) is the main reason for this result. In short translators this misalignment has less effect; however, for longer translators the misalignment becomes higher than the length of the pole. Therefore, the peaks of the cogging forces for every tooth do not occur at the same point in time. Additionally, the result for the RMS power output is also shown in Figure 5 . It can be seen that the highest power output can be achieved with five winding sections.
To compare the generator models on the same basis regarding the PM volume, the simulated models should have the same length of maximum translation of the translator. Therefore, the total length of the stator is assumed to be the length of the translator plus an additional 1.5 metres, where free maximum translation is allowed. In Figure 6 , the volume of permanent magnet material is calculated for generators with different numbers of sections. The results are averaged to the nearest magnetic pole. Table 3 shows the Force-to-Power ratio in the X-and Y-axes for generators with different number of winding sections and Power-to-PM volume ratio. The results reveal an optimal number of three winding sections for the X-axis force and seven sections for the Y-axis force.
Another coefficient representing the efficiency of the generator is the Power-to-PM volume ratio (Table 3 ). This coefficient is not discussed in the previous section because of the small difference in the volumes of the PM material for different q. The aim here is to maximise the ratio; therefore, the generator with four sections can be considered optimal for this criterion.
The importance of such a comparison is triggered by the price of the permanent magnets.
Recent price changes of permanent magnets by almost 800% (for the period 04/2010 to 07/2011) [30] makes the permanent magnet material the most expensive component of the PMLGs.
OPTIMIZATION OF THE PMLG
From the results shown in Figure 3 , it can be observed that the highest electrical power is harvested at q =1. At this value of the slots per pole and phase, a perfect alignment among the coils and permanent magnets is established. Consequently, the generated coil voltages will be in phase and therefore, the highest total generated voltage can be achieved. However, the iron pole shoes become aligned with the permanent magnets and hence, strong cogging force is generated. On the other hand, the results shown in Figure 5 , suggest that generally high numbers of winding sections reduces the cogging force due to the misalignment among the peaks of the magnetic forces between the PMs and the steel shoes. Based on the above results, it is observed that a long stator, which consists of a number of short stators, can deliver high output power, where the power is combined from the individual short stators. Furthermore, low cogging force can be achieved by increasing the total length of the stator, where the length is the combined lengths of the small stators.
In this section, an optimised generator is suggested taking into account the results presented in Higher importance is given to those aims related to maintenance costs, which could be considerably high, due to the offshore and/or underwater operating conditions.
With regard to the above order of aims, it can be considered that the optimal solution is when q = 1.1 rather than q = 0.9. The reason for this decision is the small difference between the Forceto-Power ratio in the Y-axis (between q = 0.9 and q = 1.1) and the big difference in the Forceto-Power ratio in the X-axis (between q = 0.9 and q = 1.1).
To increase the power output and to reduce the cogging forces, a magnetically split translator is suggested. In this way the generator will be assembled from two separated translator cores translating together. The main idea is to take two short magnetic cores with low X-axis force 
